Zinc oxide thin films grown via atomic layer deposition have been under intense research for the past few years. Here we present a comprehensive density functional theory study on the atomic layer deposition of zinc oxide. The adsorption of diethyl zinc and subsequent surface reactions are studied on an ideal (100) ZnO surface as well as on a stepped surface in order to compare an ideal and a nonideal surface structures. Our results show that diethyl zinc adsorbs and reacts rapidly on the surface to form monoethyl zinc. Our calculations also show that the initial ligand-exchange reactions are preferred on the planar surface over the step surface. Further reaction from monoethyl zinc to adsorbed zinc atoms has a high reaction barrier. We present two surface structures for the saturated zinc oxide surface at the end of the diethyl zinc pulse corresponding to a low and a high temperature approximations that are in good agreement with the experiments.
Introduction
Zinc oxide is a wide band-gap semiconductor with potential in applications due to its interesting properties. For example, high transparency and tunable electrical conductivity make zinc oxide thin films useful in numerous applications from thin film transistors to solar cells while piezoelectric properties can be used in micro-electromechanical systems and sensors.
1-3
Over the years zinc oxide thin films have been produced with various methods, from sputtering to chemical vapor deposition. 2, 4, 5 In the recent years, interest to deposit zinc oxide thin films using atomic layer deposition (ALD) has increased, due to the decreasing dimensions of microelectronic applications. ALD is based on sequential, self-limiting gassolid reactions. The precursors are introduced into the reactor chamber separately, thus avoiding any gas-phase reactions. Precursors then saturate the surface, providing a selflimiting adsorption process leading to precise thickness control and uniform, pin-hole free thin films. Between alternating precursor pulses the reactor chamber is purged with inert 2 gas.
6,7
Apart from inorganic metal oxide thin films, zinc oxide is also a common material used in the so-called organic-inorganic hybrid thin films that have amassed in the recent years. The zinc oxide hybrid films -called zincones -are deposited with a combination of atomic layer deposition and molecular layer deposition (MLD). The forming hybrid thin films consist of alternating layers or segments of inorganic and organic material. Hybrid thin films present interesting possibilities for tuning the properties of nano materials. 8 While ab initio modelling has been used to simulate particular parts of MLD experiments in the past, 9,10 the computational modelling of the growth process is demanding as it requires a large simulation cells, inclusion of weak interactions relevant in the case of organic molecules and a detailed description of the substrate surface before the organic reactant pulse. For this reason, we will include in our calculations a computational estimate of the surface composition at the end of the diethyl zinc pulse.
Inorganic zinc oxide thin films are usually deposited using diethyl zinc (DEZ) and water as The monoethyl zinc (MEZ) can also react further on the surface:
The dominant end-product from the adsorption of DEZ is considered to be MEZ, so the mechanism 1b is usually omitted. The interplanar distances of zinc oxide planes in the hexagonal zinc oxide unit cell are 2.60Å and 2.82Å for (002) and (100) planes, respectively.
The growth-per-cycle (GPC) for the zinc oxide ALD-process ranges from 1.7Å to 2.1Å depending on the temperature, so the growth ranges from 60 % to 80 % from an ideal monolayer growth.
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The straight-forward surface saturation through mechanism 1a has been contradicted by experiment. If all the active surface sites (i.e. surface hydroxyl groups) were covered with monoethyl zinc groups after the DEZ saturation, the mass change during the water pulse would be negative as the ethyl-ligands were replaced with hydroxyl groups. However, in their in-situ quartz crystal microgravimetry (QCM) analysis of the ALD of zinc oxide thin films,
Yousfi et al. conclude that no mass-change is observed during the water pulse as would be expected from the mechanisms 1a and 2a. The mass change during the DEZ pulse is approximately 120 ng / cm −2 within the temperature range of 140-180
• C and that the mass of the deposited film remains constant during the water pulse.
A Fourier transform infrared spectroscopy study of the ALD of zinc oxide thin films by
Ferguson et al. 14 show the expected oscillation between hydroxyl and ethyl saturation of the surface with respect to reactant pulses. The saturation of the surface with ethyl groups during a DEZ pulse can be clearly seen from the absorbance spectra. However, the authors note that the DEZ/H 2 O process deviates from an ideal ALD process because the adsorption of diethyl zinc is not self-limiting. The film deposition seems to continue after the surface is saturated with ethyl-groups. Since zinc oxide is a semiconductor, the deposition of ZnO onto ZrO 2 nanoparticles increases the electrical conductance of the particles and leads to a larger background infrared absorbance. The ongoing deposition of zinc oxide film can be measured as the increase of the background absorbance at 2000 cm −1 . This background absorbance increases during the DEZ exposure even after the absorbance of the ethyl-peak has saturated. The increase of the background absorbance is not observed during the water 4 pulse and the authors conclude that the water pulse is self-limiting. The authors speculate that the apparent increase of the substrate absorbance might be due to surface decomposition of diethyl zinc according to the following mechanisms:
The gas-phase pyrolysis of diethyl zinc has been studied experimentally by Dumont et al.
15,16
The activation energy for the pyrolysis of diethyl zinc is 2.3 eV. Ferguson et al. comment that the pyrolysis of diethyl zinc could help to explain the no-mass change during the H 2 O pulse found in the QCM measurement as there would be more zinc atoms present on the surface than would be expected from pure MEZ saturation.
Computational simulation of atomic layer deposition using quantum chemistry has been a rising field in the past few years. 17, 18 Only few computational studies of the atomic layer deposition of zinc oxide has been published in literature. The atomic layer deposition of zinc oxide via DEZ/H 2 O-process has been studied on hydroxylated silicon by Ren 19 and on hydroxylated zinc oxide by Afshar and Cadien. 20 Both simulations used the so-called clustermodel where the reactive site of surface is described using a small gas-phase cluster. Clustermodels are often employed in ALD publiscations. However, because the model neglects the surface environment it can lead to substantial error. Tanskanen et al. 21 studied the reaction free energies for binding of tetrakis(dimethylamido)tin (TDMASn) and DEZ on various OHterminated zinc oxide surfaces using a periodic slab-model. They compared thermodynamic stability of different surface species and concluded that the consumption of reactive hydroxyl sites by multi-ligand TDMASn leads to the reduced growth of zinc oxide after a TDMASn pulse. In their study, the authors did not study the kinetics of these processes or the saturation limit of the surface during the deposition.
In this work we have studied the atomic layer deposition of zinc oxide during the diethyl 5 zinc pulse, using density functional theory. The initial stages of the thin films growth were studied on an ideal (100) ZnO surface as well as on a stepped surface. The focus of this work is on the surface reaction mechanisms during the DEZ pulse as well as estimating the surface composition of the surface at the end of the pulse.
Computational methods
The reaction pathways were studied using density functional theory as implemented in GPAW. 22 The Perdew-Burke-Ernzerhof (PBE) exchange and correlation functional 23 was used with grid spacing of 0.2Å. The TS09 van der Waals -correction on top of the PBE functional was used as proposed by Tkatchenko and Scheffler. 24 The k-points sampling of the reciprocal space was done using 2 × 2 × 2 Monkhorst-Pack grid for bulk calculations and 2 × 2 × 1 for the surface calculations. All geometry optimizations were carried out to gradients smaller than 0.05 eV/Å.
Relaxed surface scan were employed in order to explore several different mechanisms with relatively low computational cost. A reaction coordinate was chosen (usually the bond length between certain atoms) and the surface was probed along the reaction coordinate using constrained optimization. All the barriers presented in the results are calculated using the nudged elastic band method.
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Some short (few pico seconds) Born-Oppenheimer molecular dynamics simulations were carried out in order to find a suitable minimum on the potential energy surface (PES).
Dynamic simulations were carried out using a small polarized double-zeta basis set and a Berendsen thermostat.
Results
Zinc oxide exists in wide range of temperature and pressure in the wurtzite crystal structure which is composed of two interpenetrating hexagonal closed-packed sublattices. All atoms 6 have tetrahedral coordination. Experimental lattice vectors for the wurtzite structure are a = 3.2501Å and c = 5.2071Å. 26 The zinc oxide cell parameters were optimised by scanning the lattice vectors a and c with a 2×2×2 simulation box. The optimal values for the lattice vectors were found to be a = 3.3499Å and c = 5.2650Å, slightly larger than previously reported experimental and theoretical values.
2,26,27
The surface was modelled using the common slab model with periodic boundary conditions imposed. A slab thickness of six stoichiometric oxide layers was used, similar to a recent publication by Tanskanen et al. 21 Convergence for the slab thickness was checked with respect to the surface energy of the slab 28 as well with respect to the adsorption energy of water at monolayer coverage (see supporting information). The size of the surface in the simulation box used in the calculations was 2 × 2 the primitive cell (corresponding to 48 atoms) with a surface area of 70.55Å 2 . This surface cell contains four surface zinc atoms.
These four sites work as an active sites in water adsorption.
Hydroxylation of ZnO
The (100) lattice orientation is the preferred growth orientation of ZnO thin films in the deposition temperature range of 160-200 • C. 6, 29 The nonpolar nature of the surface make it suitable for computational study.
The adsorption of water onto the (100) ZnO surface has been studied extensively in the literature. Calculations also show that an isolated water molecule adsorbs molecularly onto the surface but at increased surface coverage the water arranges to a half-dissociated "key-lock" configuration.
Yan and Al-Jassim 31 as well as Calzolari and Catellani 32 find support for the previous results in their respective theoretical studies and conclude that the hydrogen bonds between neighbouring water molecules make the molecules adopt a "key-lock"-type structural arrangement. Yan and Al-Jassim state, however, that they were not able to confirm the strong lateral interactions that would result in an island-like growth process reported by Meyer et al. They note that a half-dissociated (2 × 2) structure is only 0.07 eV higher in energy and expect that at elevated temperatures both the (2×1) and (2×2) structures are present. They also note that oxygen vacancies on the surface significantly affect the adsorption behaviour of water, promoting the dissociation of water especially at higher vacancy densities. Our results are in good agreement with the previous results. We find that at low surface coverage (θ ≤ 0.25) the water prefers molecular adsorption over dissociated adsorption. This energy difference is small, however, only 0.15 eV. Our results also agree with Yan and AlJassim 31 in that the dissociated water prefers the "bridging" site between two zinc atoms Figure 1 : The fully hydroxylated ZnO (100) surface, a side view and a top view. The water forms a 2×1 periodic structure where half of the water molecules are dissociated and half are in a molecular form.
over a "terminal" site on top of a surface zinc atom. The energy difference between these two configurations is 0.14 eV.
As the surface coverage increases, the water adopts the "key-lock"-configuration and prefers a partially dissociated adsorption over molecular adsorption. Difference between the molecular and partially dissociated configurations is small, 0.10 eV, in agreement with the previous results.
30-32
This fully hydroxylated surface was adopted as a starting point for the adsorption of diethyl zinc and the subsequent surface reactions. When one compares the gas-phase entropy of the adsorbing molecule to the adsorption energy to the surface, they are of the same magnitude at the process conditions (at 450 K temperature and 100 Pa water partial pressure the entropy of a gas-phase water is approximately 1.21 eV). As adsorbed molecules still retain a large entropy on the surface, 33 we conclude that the surface of the zinc oxide should be fully hydroxylated within the process conditions. At high temperatures the surface hydroxyl coverage is expected to decrease and for this reason diethyl zinc adsorption onto a bare zinc oxide surface was also studied. The same hydroxyl concentration as on the fully hydroxylated planar surface was used in the calculations on the stepped surface discussed below.
9

DEZ pulse on ideal (100) surface
During the deposition of zinc oxide thin films with ALD the as-deposited films usually have a high degree of crystallinity. The (100) lattice orientation is present in the polycrystalline films in a wide temperature range and is the prominent growth direction at temperatures from 160 to 200 • C. 6, 34 During the ALD-process, both diethyl zinc and water are sequentially introduced to the reactor at low partial pressures. Between the reactant pulses the reactor chamber is purged with inert gas in order to remove by-products and remains of the previous reactant. Pulse pressures of DEZ and H 2 O can range from few pascals up to a few hundred pascals.
Here we present our results for the adsorption of DEZ and the subsequent ligand-exchange reactions, i.e. mechanisms 1a and 1b, on the hydroxylated (100) zinc oxide surface. The effect of surface ethyl coverage as well as the possible decomposition of diethyl zinc on the surface to produce butane are also investigated.
First dissociation
The fully hydroxylated (100) ZnO surface has two different oxygen sites to which the diethyl zinc can adsorb: the oxygen of the molecular water and the oxygen of the dissociated water.
The adsorption of DEZ is preferred to the molecular water on the surface as illustrated in figure 2. Adsorption energy for a diethyl zinc to the molecular water is −0.74 eV while onto the dissociated water the adsorption energy is only −0.53 eV. The tighter adsorption bond is also reflected in the bond length between oxygen and zinc, the bond length being shorter on the stronger adsorption bond (2.54Å vs 2.76Å). The tetrahedral geometry of the hydroxyl group oxygen suggests that the adsorption bond between the DEZ and the hydroxyl group is formed with the Lewis-acidic zinc accepting the lone-pair of the oxygen. The adsorption configuration of the diethyl zinc. The DEZ prefers the molecular water over dissociated water as an adsorption site. Due to the ethyl-groups the DEZ is a rather bulky adsorbate and partially blocks other potential adsorption sites from the surface.
At low DEZ surface coverage the ethyl-ligand is removed from the DEZ via a straight forward ligand-exchange reaction, producing ethane. Due to low binding energy to the surface and partial pressure of ethane in the reactor, this process can be viewed as irreversible.
The ligand-exchange reaction does not occur between the DEZ and the adsorbent water molecule. For this mechanism the reaction barrier is large, despite of the fact that the water oxygen is four-coordinated (two bonds to hydrogen, one to the surface zinc and a weak bond with DEZ). A low barrier mechanism for this ligand-exchange reaction was found with the neighbouring hydroxyl group. This mechanism has a barrier of only 0.47 eV. Reaction energy for the ligand-exchange mechanism is exothermic with −0.69 eV.
During the ligand-exchange the water molecule to which the DEZ is adsorbed to, transfers one of its protons to the neighbouring hydroxyl group that participates in the ligand-exchange reaction. Thus, the hydroxyl group is left protonated even after the ligand-exchange reaction.
The proton-transfer can be seen by comparing the water molecules to which the DEZ is bonded to in figures 2 and 3.
The ligand-exchange reaction occurs through a proton-transfer from the surface hydroxyl group to the ethyl-ligand (see figure 3 ). In the transition state the O-H bond of the hydroxyl group stretches from 0.98Å to 1.18Å and Zn-O bond between the adsorbate and adsorbent decreases from 2.56Å to 2.01Å. This is close to the bond length of the end product monoethyl zinc that has a Zn-O bond length of 1.82Å. The distance between the proton and the receiving ethyl carbon in the transition state is 1.51Å. The Zn-C bond stretches during the mechanism from initial 1.97Å to 2.15Å. The monoethyl zinc resulting from the ligandexchange reaction is bonded to two hydroxyl groups as illustrated in figure 4. The diethyl zinc is a rather bulky molecule due to its ethyl-ligands. For this reason, the effect of the surface coverage to the energetics of the reaction mechanisms were investigated.
Including a second DEZ next to the adsorbed DEZ slightly decreased the adsorption energy.
The averaged adsorption energy for the two diethyl zinc molecules is −0.59 eV per molecule.
The weakened adsorption bond is evident from the longer Zn-O bond lengths, 2.69 and 2.76
A. While the increased surface coverage slightly affected the adsorption energy, the surface coverage evidently lowers the reaction barrier for the initial ligand-exchange reaction down to 0.23 eV. This change in the activation energy has a large effect on the overall reaction rate. The reaction was exothermic with −0.90 eV.
Adsorption of another DEZ next to the monoethyl zinc was found to be exothermic with an adsorption energy of −0.65 eV. The adsorption is slightly affected by the monoethyl zinc.
The adsorbed DEZ can go through a similar ligand-exchange reaction as an isolated DEZ. As was the case with two diethyl zincs, the barrier is lower than in the case of an isolated DEZ molecule, 0.28 eV. Thus, it would seem that, at least at moderate surface ethyl-coverage, the steric hindrance between adsorbate molecules does not diminish the rate of the initial ligand-exchange reaction on the surface but rather seems to increase it.
Figure 4: The monoethyl zinc on the hydroxylated zinc oxide (100) surface. The MEZ adopts a bridging site between two hydroxyl groups. In the second ligand-exchange reaction the ethyl-group accepts the proton from the hydroxyl group below the monoethyl zinc.
Second dissociation
We now consider the mechanism for the removal of the second ligand. After the first ethyl group has been removed, the monoethyl zinc (MEZ) is coordinated to two oxygens with the ethyl group pointing upward from the surface as illustrated in figure 4 . In order for the ethyl group to react with any of the surface hydroxyl groups,the ethyl group has to bend down toward to surface. This causes significant strain on the system and results in a high reaction barrier. Several possible mechanisms were investigated using relaxed surface scans and the reaction barriers for the removal of the second ligand were found to be considerably higher than for the first ligand.
For an isolated monoethyl zinc, the mechanism with the lowest activation energy was found to be a reaction with the hydrogen from the dissociated water molecule bonded to a 13 native oxygen below the MEZ. The Zn-C bond of the monoethyl zinc is in 38
• angle with respect to the xy-plane of the surface. This angle decreases to 17
• as the ethyl-group bends down toward to surface to the transition state. This leads to a large activation energy of 1.42 eV for the ligand-exchange reaction. In the transition state, the Zn-C bond length increases from the initial 1.96Å to 2.10Å and the O-H and C-H bonds are 1.39Å and 1.35
A, respectively. The second ligand-exchange reaction is endothermic with 0.35 eV, but due to the large free energy gain at the release of ethane from the surface, the mechanism can be regarded as irreversible.
The addition of another monoethyl zinc on the surface does not considerably change the reaction barrier for the ligand-exchange reaction. The barrier for a similar reaction was calculated to be 1.52 eV. The mechanism was endothermic with reaction energy of 1.31
eV. This is a considerable change in energy and close to the free energy that is gained from the release of ethane. However, it was found that the system can evolve to a more relaxed structure, only 0.20 eV above in energy of the initial structure. This relaxation of the surface structure occurs basically without a barrier as was observed during a short molecular dynamics simulation.
Just as was the case with the first ligand-exchange reaction, an increase in the surface ethyl-concentration has no hindering effects on the energetics of the ligand-exchange reaction.
With four monoethyl zinc surface groups present, the activation energy is lowered to 1.31 eV.
Mechanisms not involving ligand-exchange between the surface and the precursor have been proposed. As mentioned above, Ferguson et al.
14 observed an increase in the background absorbance of the zinc oxide film even after the surface was saturated with ethylgroups and thus concluded the adsorption of diethyl zinc was not self-limiting. The authors proposed that decomposition of diethyl zinc may take place on the surface through mechanisms 1c and 1d.
We have investigated the formation of butane on the surface i.e. the mechanism 1c.
Based on our calculations the formation of butane on the surface does not occur as reaction between a surface monoethyl zinc and a diethyl zinc as proposed by the reaction equation 1c but solely through the diethyl zinc. While investigating a reaction in which ethyl-ligands from both the monoethyl zinc and diethyl zinc react to form butane, the system preferred a two-step mechanism in which the diethyl zinc donates one of its ethyl-ligands to the monoethyl zinc. This ligand-transfer reaction has a small barrier of 0.50 eV.
This mechanism is a simple ligand-transfer mechanism and does not lead to the formation of butane. From here the formation of butane occurred as the ethyl-ligands combined on the diethyl zinc. This reaction has a high barrier of 1.96 eV.
DEZ adsorption onto bare (100) surface
Since the surface of the (100) zinc oxide surface may not be fully hydroxylated, we investi- 
DEZ pulse on a stepped surface
The growth per cycle for a typical ALD process is usually less than a full monolayer due to the steric hindrance of adsorbed reactants. 35 The growth process may not lead to an ideal planar surface and in many processes the deposited film is amorphous. While the (100) lattice is a prominent growth direction during ALD within the temperature window of 160-
200
• C, some of the film is deposited with random structure. Here we investigate the surface reactions on an amorphous structure constructed from the (100) surface by introducing a step onto the planar surface.
Two stepped surface were created from an ideal (100) surface by cleaving the top oxide layer of a seven oxide layers thick slab into half. The cleaving was done along the (010) (step A) and (001) (step B) orientations. The two cleaving directions are illustrated in figure 5.
Four water molecules were then introduced on top of the the surface zinc atoms in order to produce the same surface coverage as for the ideal (100) surface. Molecular dynamic simulations were run for 2 ps at 550 K in order to remove strain from the system and to allow the system to evolve to a suitable relaxed configuration.
Trajectories from these simulations were taken at 0.5 ps intervals and optimised. The lowest energy configurations were adopted for further calculations. The initial cleaved surfaces and the optimised hydroxylated structures for the surfaces A and B are presented in figures 6 and 7.
It is evident from the figures 6 and 7 that during the dynamic simulations the structure of step A came to resemble the structure of step B. The orientation of the steps on step A align to match the orientation on step B. This relaxation gives step A overall lower total energy than step B. On both surfaces a clear step remains after the optimisation. However, after the dynamic simulation the trench on step A is more crowded with water molecules and hydroxyl group, leading to overall more planar surface. On step B the trench remains wider and steeper .
Overall, due to the nonideal structure of the stepped surface and the amount of under coordinated surface atoms the adsorption energy of water was more exothermic than on the ideal planar surface and lead to dissociative adsorption. Estimations for the adsorption energy of water on the stepped surfaces were computed by removing the water molecules from the optimised hydroxylated configurations and comparing the change in energy. The adsorption energies were somewhat larger than on the planar surface, −1.64 eV and −1.81 eV for steps A and B, respectively. These hydroxylated, stepped surface were used to study the adsorption and ligand-exchange reactions of DEZ on an amorphous surface.
First dissociation
On step A, diethyl zinc adsorbed to a hydroxyl group on the terrace. The adsorption energy is smaller than on the planar (100) surface, −0.65 eV. The Zn-O bond length is 2.7Å, slightly longer than on the planar surface. The adsorbed DEZ is illustrated in figure 8 . The diethyl zinc adsorbed on the step A. On step A the adsorption is slightly less favourable and the barrier for the ligand-exchange reaction is considerably higher than on the ideal (100) surface.
On step B diethyl zinc preferred adsorption onto a hydroxyl group close to the trench.
The adsorption energy for DEZ was larger than on the planar surface, −1.19 eV. The strong adsorption bond is reflected in the short Zn-O bond of only 2.0Å. The adsorption structure is shown in figure 9 . While the DEZ is close to the hydroxyl groups on the step, it was found that the barrier for the ligand-exchange reaction is high, 0.93 eV, similar to step A.
Second dissociation
The end-products from the first ligand-exchange reaction on both surfaces are illustrated in figures 10 and 11. On both cases, the monoethyl zinc is situated near the step. On step A the monoethyl zinc undergoes a straight-forward reaction with the surface hydroxyl group.
In the transition state of the reaction, the bond length between the accepting ethyl-group and the surface hydrogen is 1.42Å, O-H bond is 1.27Å and the Zn-C bond is 2.20Å. The barrier for the mechanisms is of the same magnitude as on the planar surface, 1.59 eV, and the reaction is endothermic by 0.66 eV.
The ligand-exchange reaction on step B occurs in two steps: first the ethyl-ligand migrates from the adsorbed zinc atom to a native zinc atom. The end product is illustrated in figure 11 . This migration of the ethyl group between the zinc atoms has a low activation energy of 0.19 eV and has a negligible reaction energy of 0.07 eV. Figure 9 : The diethyl zinc adsorbed on the step B. The adsorption is stronger on the step B than on planar (100) surface. The first ligand-exchange reaction has, however, a higher activation energy just like on step A. Judging from the bond lengths, the transition state on step B resembles the products more than on step A. The ligand-exchange reaction itself has a barrier of 0.95 eV, considerably lower than on the planar surface.
Surface saturation
The composition of surface in terms of DEZ, MEZ and Zn at the end of the DEZ pulse is an essential question in the deposition of zinc oxide. The saturated surface gives us several quantities that can be verified or falsified by experimental, such as the surface concentration in terms of ethyl-groups, the growth-per-cycle estimate or the mass-change during the DEZ and water pulses. This saturated surface can also be used as a starting point in investigating subsequent reactant pulses such as water or oxygen for inorganic thin films or organic molecules for inorganic-organic hybrid thin films.
With respect to various other precursors often used in ALD, the diethyl zinc is a simple molecule: the ethyl-ligands are relatively small compared to other precursors and react to inert by-products. Most importantly, DEZ has two ligands leading to only three possible The surface composition depends on the kinetics of surface reactions as well as the thermodynamic stability of the resulting products. The kinetics for the first ligand-exchange reaction were shown to have a low barrier that was not hindered with increased surface coverage. However, the removal of the second ligand required considerably larger activation energy than the first ligand. Therefore two different approaches were taken in order to estimate the surface coverage at the end of the DEZ pulse: assuming that the diethyl zinc undergoes only the first ligand-exchange reaction as the second ligand-exchange reaction is blocked due to the high activation energy or that both the first and the second ligandexchange reactions can occur in the process conditions. A more comprehensive estimation of the surface coverage at the end of the reactant pulse would require a kinetic simulation of the atomic layer deposition that is beyond the scope of this work.
In the first case the limiting factor of the process is the amount of monoethyl zinc that can form on the surface. It is assumed that steric effects between adsorbants do not considerably affect the kinetics of the first ligand-exchange reaction. In the second case we consider the possible configurations that can result considering that the second ligand-exchange reaction also occurs and that most or all hydrogens from the hydroxyl groups are consumed in the surface reactions.
Case 1: surface saturated with monoethyl zinc
Various configurations of monoethyl zinc terminated surface structures were created. Several 2-3 picoseconds long Born-Oppenheimer molecular dynamics simulations were carried out at 500 K and from the trajectories snapshots at 0.5 ps intervals were chosen and optimized.
The formation energies for monoethyl zinc at different ethyl surface concentrations were calculated using the optimal configurations. The formation energies for monoethyl zinc terminated surfaces are given in table 2. The total energy change ∆E is the change in energy within the simulation cell with different monoethyl zinc surface coverage. The average formation energy, E ave , is the total energy change averaged over the number of monoethyl zinc groups within the simulation cell:
where E(N ) is total energy of the cell containing N monoethyl zinc groups, E surf is the total energy of the hydroxylated zinc oxide surface and E DEZ and E C 2 H 6 are the total energies of a single diethyl zinc and ethane molecules in gas-phase, respectively.
The differences in the average formation energy between various structures are small.
After the surface coverage of 5.7 MEZ nm −2 there is a slight decrease in the average formation energy. This suggests that between the surface coverage of 5.7-7.1 MEZ nm −2 the steric repulsion between the ethyl groups starts to make the formation of monoethyl zinc and is illustrated in figure 12 . This surface saturation corresponds to the mass gain of 110 ng/cm −2 which is in good agreement with the experimental values ranging from 100 to 120 ng/cm −2 13,36,37 However, the expected mass-change during the water pulse would be −13 ng/cm −2 . This is based on the assumption that all the ethyl-ligands would be consumed in ligand-exchange reactions with water and that one water molecule would bond to one deposited zinc atom resulting in a stoichiometric film. This is in contradiction with the experimental data which strongly point out that no negative mass-change is observed during the water pulse. Just as in the case 1, the formation energies were calculated in the change of total energy per cell and also as an average over all the deposited zinc atoms:
where E Zn is the averaged formation energy per deposited zinc atom and E(N + M ) is the total energy of a surface containing N deposited monoethyl zinc groups and M deposited bare zinc. Rest of the terms are defined just as in equation (1). Table 3 : Formation energy at 0 K for different surface structures assuming that most of the hydrogen on the surface is consumed from during the adsorption of DEZ. The ∆E corresponds to the total energy change in the simulation cell obtained when compared to the hydroxylated (100) zinc oxide surface and ∆E Zn is the energy change averaged over all the deposited zinc atoms as defined in equation (2) The ∆m is the mass change during the deposition. The c ethyl is the concentration of ethyl-groups on the surface. The units of energy are given in eV. The lowest energy of the configurations considered was obtained for the configuration I, with formation energy of −8.19 eV or −1.37 eV per deposited zinc atom. The surface structure is illustrated in figure 13 . This configuration corresponds to a mass-change of 120 ng/cm −2 , close to the experimental value observed. Assuming that during the subsequent water pulse all the ethyl-groups would react into ethane and one water molecule would adsorb to each surface zinc atom, the expected mass change during the water pulse would be very by increasing the coordination number of the hydroxyl groups oxygen. Still, the decrease in the reaction barrier has a considerable effect on the overall reaction rates.
Configuration
As the diethyl zinc adsorbs to the surface and undergoes fast initial ligand-exchange reaction, the surface rapidly becomes saturated with monoethyl zinc groups. A further dissociation from monoethyl zinc to adsorbed zinc through a second ligand-exchange reaction was also investigated. The barrier for this mechanism was estimated to be large, ranging from 1.31 to 1.52 eV. Thus, the second ligand-exchange reaction is considerably slower than the initial ligand-exchange reaction. At elevated temperatures this reaction may be feasible, assuming that all surface hydroxyl groups have not been consumed. As an extreme case opposed to the fully hydroxylated zinc oxide surface, we studied the adsorption of diethyl zinc onto bare zinc oxide surface. The adsorption energy onto bare oxide surface was found to be larger than onto hydroxylated surface and zinc oxide was observed to dissociate barrierlessly by donating an ethyl-ligand to a native surface zinc atom. The dissociative adsorption onto an oxide surface means that at high temperatures when the surface is not fully hydroxylated, the diethyl zinc chemisorbs onto the surface. The adsorption energy for a single, dissociated diethyl zinc was −1.34 eV. The difference in the adsorption energy between the hydroxyl and oxide sites is relatively small when compared to e.g. trimethyl aluminium (TMA) on the (0001) aluminium oxide surface. 41, 42 The TMA reacts violently with the surface and dissociates by donating the methyl-ligands to the surface aluminium atoms resulting in a large adsorption energy of −2.56 eV. Interestingly, in the case of zinc oxide the difference in the surface reactivity between hydroxylated and bare oxide surface is not as large.
DEZ adsorption on stepped surface
In addition to an ideal (100) surface we also studied the adsorption of diethyl zinc on two stepped surfaces. Calculations on a stepped surface give a qualitative comparison between a crystalline and an amorphous zinc oxide surfaces. The stepped surfaces were more reactive toward water adsorption due to surface atoms with low coordination number as seen from the increased adsorption energy of water to the bare oxide surface. The effect of the step on the adsorption energy of diethyl zinc varied by being slightly smaller on step A (−0.65 eV) and considerably larger on step B (−1.19 eV).
A clear difference between planar and stepped surfaces was in the energetics of the first ligand-exchange reaction. The activation energy for the first ligand-exchange reaction was around 0.9 eV on both of the stepped surfaces. This barrier is considerably larger when compared to those calculated on the planar surface. The difference indicates that the formation of monoethyl zinc on an amorphous zinc oxide surface is a slow process and that the ligand-exchange reaction are preferred on a crystalline surface.
Energetics for the second ligand-exchange reaction differed on the two studied amorphous models. On step A the activation energy was similar to that of the planar surface with barrier of 1.59 eV. However, on the step B the barrier was considerably lower than on the planar surface. The step was found to play an important role in the second dissociation on step B since the ethyl-ligand of the monoethyl zinc was able to migrate to a surface native zinc from which it could react with a surface hydroxyl group more easily. Thus, the second dissociation was comprised of two processes. First the ethyl-migration to the native zinc atom that has a small barrier of 0.19 eV and the ligand-exchange reaction with a larger barrier of 0.95 eV. However, this barrier is still considerably smaller than any of the other mechanisms investigated for this ligand-exchange reaction and suggests that the second ligand-exchange reaction may occur through a more complex process than studied here.
Surface saturation
The surface composition at the end of the diethyl zinc pulse was estimated within two different assumptions. In the first assumption, the second ligand-exchange reaction was considered to be inaccessible at the process conditions due to the high activation energy of the reaction. This would give the configuration of the saturated surface at low deposition temperatures. The change in the total energy per simulation cell increased up to a surface concentration of 7.1 nm −2 . At larger surface monoethyl zinc concentrations the neighbouring monoethyl zinc groups reverted back to diethyl zinc. The adsorption of diethyl zinc and the kinetics of the first ligand-exchange reaction may be hindered at high surface coverage, so this concentration is an upper limit estimate for the surface concentration.
In the second assumption, we considered a surface where most or all of the surface hydroxyl group would have been consumed by both the first and the second ligand-exchange reactions. These configuration give the saturated surface at high deposition temperatures.
Of all the tested configurations, the optimal configuration had a structure with an ethylconcentration of 5.7 nm −2 , smaller than obtained in case 1. The configuration had effectively four monoethyl zinc groups and two zinc atom deposited on the surface. While the average formation energy for this configuration is smaller than in case 1, the free energy of formation is larger as more ethyl-ligands are released as ethane than in case 1 (eight vs. five).
These two estimated surface structures at saturation are in good agreement with experimental data and lay the foundation for a study of a subsequent reactant pulse. Our saturated surfaces corresponds to a QCM mass-change of 110 ng cm −2 (case 1) and 120 ng cm −2 (case 2), which is within the experimental range of about 100 to 120 ng cm −2 . 13,36,37 The low temperature estimate results with a negative mass-change during the subsequent water pulse.
However, the formation of surface zinc atoms at elevated temperatures in case 2 leads to a negligible expected mass-change during the water pulse as observed in experiments. Also, the ratio between deposited zinc atoms and the amount of reacted hydroxyl groups on the surface in case 2, 1.33, is in excellent agreement with the experimental value measured by
Elam and George, 37 1.37.
The amount of zinc oxide deposited in these two cases correspond to a growth-per-cycle of about 1.70Å (case 1) and 2.05Å (case 2), assuming that all the deposited zinc atoms react with water to form zinc oxide with density of 5.62 g cm −3 . These GPC values are in good agreement with the experimental growth rates reported in the literature usually ranging from 1.7 to 2.1Å.
Conclusion
The atomic layer deposition of zinc oxide on both a planar (100) and a stepped zinc oxide surfaces were studied from first principles. A fully hydroxylated zinc oxide surface was taken as the starting point for the deposition process and the kinetics of possible ligand-exchange reactions on the surface were calculated using density functional theory. The composition of the surface at the end of the diethyl zinc pulse was also studied.
Our calculations show that the formation of monoethyl zinc terminated surface is very rapid. The diethyl zinc adsorbs exothermically onto the hydroxylated surface and, contrary to previous computational publications, reacts with the surface hydroxyl groups with low barrier in good quantitative agreement with experimental estimates. The surface rapidly becomes saturated with monoethyl groups and at low temperatures stops to this point. At elevated temperatures the monoethyl zinc reacts to zinc atoms leading to increased deposition of zinc as more surface becomes available for diethyl zinc adsorption. The formation of zinc on the surface helps explain the no mass-change phenomena observed experimentally during the water pulse. We predict that no decomposition of diethyl zinc on the surface takes place during the deposition process. The difference of surface kinetics between an ideal (100) surface and a nonideal stepped surface was also investigated. It was found that the initial ligand-exchange reaction is preferred on a crystalline surface as the reaction barrier for the reaction is considerably larger on the amorphous surface when compared to a similar mechanism on the planar surface. However, a lower barrier for second ligand-exchange reaction was found on the amorphous surface than on the crystalline surface, suggesting that surface defects such as steps may catalyse the second ligand-exchange reaction.
Two different models for the ethyl-saturated surface were studied, corresponding to a low temperature and a high temperature conditions. In our calculations the increase of surface coverage was not found to hinder the kinetics of the surface reactions and thus saturation is expected to be limited only by the steric repulsion of the ligands. The surface monoethyl zinc concentration at the saturation limit was estimated to be about 5.7 -7.1 MEZ nm −2 .
Our growth per cycle estimates for the two saturated surfaces range from 1.7Å at low temperatures when no second ligand-exchange reaction occurs to 2.0Å per cycle at higher temperatures, in excellent agreement with the experiments. These saturation estimates can be used to study the adsorption and kinetics of a subsequent reactant pulses.
Zinc oxide deposition via diethyl zinc and water is a common ALD process, of which only few theoretical studies have previously been published. The computational modelling of atomic layer deposition on the molecular level is very demanding as it requires large amounts of calculations to explore the possible configurations and reaction pathways on the surface.
Our calculations on the ALD of zinc oxide are in good agreement with experiment and show that computational quantum chemistry is a feasible method for studying and predicting the thin film growth process. Computational simulations are necessary in understanding the complex mechanisms during the deposition process and are able to bring new information about the system. 
